Objectives: Previous neuroimaging studies have reported abnormalities in white matter (WM) pathways in subjects at high familial risk of mood disorders. In the current study, we examined the trajectory of these abnormalities during the early stages of illness development using longitudinal diffusion tensor imaging (DTI) data.
| INTRODUCTION
Bipolar disorder (BD) and major depressive disorder (MDD) are highly heritable mood disorders sharing overlapping symptomatology, neural basis, and genetic architecture. Whereas sporadic elevation of mood is only present in BD, episodic depression is observed in both. The disorders seemingly share common neurobiological traits; notably, it has been reported that a disconnection in cortical-limbic pathways is significantly associated with both disorders.
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To explain these findings and propose an aetiological model, the importance of development in MDD and BD has been recently recognized and neurodevelopmental models have supplanted the classic hypothesis of progressive degeneration. 2, 3 In this perspective, offspring and relatives of BD patients are a population rich in potential for revealing important aspects of the development of mood disorders before the onset of the disease, considering that familial studies showed an increased frequency of both BD and MDD in first-degree relatives of bipolar patients. 4 Diffusion tensor imaging (DTI)-a magnetic resonance technique able to quantify microstructural integrity using indices of preferential diffusion such as fractional anisotropy (FA)-has been used in studies comparing white matter (WM) microstructure in relatives of BD patients with that of subjects without a family history of psychiatric disorders (controls). Recent evidence indicates that early WM abnormalities may play a significant part in the pathophysiology of both BD and MDD, and could therefore represent an early marker of mood disorders.
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In a previous DTI study on this sample at baseline, we reported widespread FA reductions in unaffected young relatives of BD patients compared to subjects without a family history of psychiatric disorders. These subjects were recruited in the Scottish Bipolar Family
Study (BFS) . Although the effects of familial risk were diffuse, the associations with cyclothymia were more localized to fronto-temporal and prefrontal-thalamic connections. 9 These findings confirm that WM integrity is an endophenotype for mood disorder with an important behavioural association linked to the aetiology of the condition.
Moreover, it could be stated that abnormal connectivity between regions may contribute to developmental alterations of key neural structures in BD.
However, there is a paucity of studies in the literature studying the longitudinal development of WM in young adults at high risk for mood disorders, and hence whether these initial differences remain or if their trajectory changes through time. Only Versace and colleagues 10 have reported group by age interactions in FA values in a cross-sectional study comparing healthy offspring of BD patients with individuals without a familial history of psychiatric disorders. The results showed a linear increase in FA in controls in the left corpus callosum and right inferior longitudinal fasciculus, whereas in BD offspring there was a linear decrease in FA with age in the left corpus callosum, and no relationship between FA and age in the right inferior longitudinal fasciculus.
To our knowledge, there have been no other longitudinal studies investigating changes in WM during the young adulthood development of individuals at high risk for mood disorders, and none with sufficient follow-up to include subjects who went on to develop MDD. To fill this gap in knowledge, in the current study we carried out an analysis of findings from scans acquired at baseline and at 2-year follow-up of individuals recruited in the BFS.
We selected the subjects having the diffusion data available at baseline and at the second follow-up in the same cohort where differences in FA between subjects with familial risk and controls were already detected at baseline. In particular, in accordance with the literature, we expected to find a significant decrease in FA with development in the corpus callosum of the high-risk subjects compared with controls, as already reported in the study of Versace et al., 10 and a further loss of WM integrity in the fronto-limbic connections mainly involved in mood disorders in the high-risk individuals who developed an MDD.
12

| MATERIALS AND METHODS
| Initial baseline recruitment
Baseline recruitment has been described in full previously. 9, 13 Briefly, at the beginning of the study (time 1 [T1]), individuals with a diagnosis of bipolar I disorder were identified by psychiatrists across Scotland.
Diagnosis was confirmed with the OPCRIT (a suite of computer programs that allow data entry and generate diagnoses according to 12 operational diagnostic systems) symptom checklist 14 using data from clinical notes and the Structured Clinical Interview for DSM-IV (SCID).
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Each affected subject was asked to identify members of his or her close family aged 16-28 years. After informed consent had been obtained, unaffected individuals with at least one first-degree or two seconddegree relatives with BD type I were invited to participate in the study.
Unaffected, unrelated comparison subjects with no personal or family history of BD were identified from the social groups of the high-risk subjects and matched for age, gender and intelligence quotient (IQ) to the high-risk group. Comparison subjects were also screened using the SCID. 15 Exclusion criteria for both groups at initial recruitment included a personal history of major depression, mania or hypomania, psychosis, or any major neurological or psychiatric disorder, a history of substance dependence, learning disability, or any history of head injury that included loss of consciousness and any contraindications to magnetic resonance imaging (MRI). No group differences in lifetime substance misuse were observed previously in this sample. 13 Written informed consent was obtained. The study was approved by the Multi-Centre
Research Ethics Committee for Scotland.
| Current study population
Participants were recruited for the current study as part of the BFS as described above. clinical information indicating that they had become unwell, and since they had remained well over the previous two assessments, these individuals were presumed to have remained well.
If other disorders were present along with depressive features, these individuals were excluded from the current analysis. Moreover, we excluded MR images of subjects who did not pass quality control in the different steps of the analysis.
Manic and depressive symptoms were rated using the Young Mania
Rating Scale (YMRS
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) and the Hamilton Rating Scale for Depression (HAM-D
19
).
Estimates of trait liability to mood disorder (cyclothymia, neuroticism and extraversion) were measured using the Temperament Evaluation of Memphis, Pisa, Paris and San Diego-autoquestionnaire version (TEMPS-A) and NEO Five-Factor Inventory (NEO-FFI).
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The current study concerned structural brain changes between T1
and T2 in relation to the development of MDD diagnosed at T2.
| Groups
The final sample consisted of individuals categorized firstly into two groups: (i) healthy controls who remained well (n=43); and (ii) familial high-risk participants (n=69). Controls meeting criteria for psychiatric disorders at the follow-up and high-risk patients developing conditions other than MDD were removed from the study because numbers did not allow robust statistical testing. Moreover, controls and high-risk subjects whose images did not pass quality checks during the registration to the standard space were also excluded. Appendix 1 details the subject selection process.
The high-risk group was then split into two subgroups, based on diagnosis at the time of the second MRI scan: subjects who remained well between baseline (T1) and the second assessment (T2) (high-risk well; n=53); and familial high-risk participants who had developed MDD by the second assessment (high-risk MDD; n=16).
| Scan acquisition and preprocessing
The current study reports findings from imaging data collected at T1
and T2. MRI data were collected on a 1.5-T GE Signa Horizon HDX (General Electric, Milwaukee, WI, USA) clinical scanner equipped with a self-shielding gradient set (22 mT/m maximum gradient strength) and manufacturer-supplied "birdcage" quadrature head coil. Wholebrain DTI data were acquired for each subject with a single-shot pulsed gradient spin-echo echo-planar imaging sequence with diffusion gradients (b=1000 s/mm 2 ) applied in 64 non-collinear directions and seven T2-weighted echo-planar imaging baseline scans. 
| Tract-based spatial statistics
We used tract-based spatial statistics (TBSS) to study longitudinal Thirdly, the maximum voxel FA value perpendicular to the local direction was projected onto the skeleton at each point in all subjects. This resulted in one FA skeleton map per subject, assumed to contain the anatomically corresponding centroids of the WM structure.
With the TBSS skeletons obtained, we performed three statistical analyses. First, to test for between-group difference in FA changes over time, repeated meausures ANOVAs were applied to the skeletons by using the "randomize" function in FSL, with four regressors in the design matrix, one for each group and one for each time of acquisition.
Secondly, we used TBSS to study the difference over time between the high-risk well and high-risk MDD groups. In this case, we used six regressors in the design matrix, one for each group (controls/high-risk well/high-risk MDD) and one for each time of acquisition (T1 and T2).
Thirdly, we subtracted the FA volume obtained for each subject at the second scan from the FA volume obtained at baseline. We used this FA difference to perform a correlation with age using age as a covariate in the general linear model (GLM) to investigate the relationship between FA changes and development in each group.
Threshold-free cluster enhancement (TFCE) was applied to obtain cluster-wise statistics corrected for multiple comparisons. Briefly, this method transforms local T-statistics into TFCE statistics that reflect both the size of the local effect (or "height") and the cluster extent.
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The major advantages are that no predefined T-threshold is required, and that TFCE is sensitive to detect both large clusters of modest effects and single voxels of large effects, at the same time.
With the TFCE maps obtained, "randomize" then calculates a Pvalue (P-corrected) for each voxel, corrected for whole-brain familywise error (FWE) rate via permutation testing (5000 permutations) (P FWE ). These TFCE-corrected P maps were thresholded at P FWE <.05.
We report the sizes of contiguous clusters of suprathreshold voxels.
Significant results were localized to WM tracts/structures with the Johns Hopkins University DTI-based WM atlas and the Johns Hopkins University WM tractography atlas 24 digitally available in FSL.
Statistical analysis of demographic and clinical data was conducted using SPSS software, version 23.0 (http://www-01.ibm.com/software/ analytics/spss/). The significance of differences between groups was determined using one-way ANOVA, t tests or chi-squared tests, or using non-parametric tests, as appropriate.
| RESULTS
| Demographic and clinical features
We did not find any significant differences between groups with respect to gender, age, IQ, or scan interval ( Table 1, Table 2 ). Scores for the HAM-D, cyclothmic, depressive, and irritability traits as measured by the TEMPS-A scale, as well as for neuroticism and extraversion factors as measured using the Five Factor Inventory, differed significantly between groups at baseline ( 
| TBSS analysis
| Controls vs high-risk individuals
FA changes over time in control group
There was no significant increase in FA in the control group over the 2-year time interval between assessments, whereas a widespread decrease of FA was detected. TBSS followed by permutation testing resulted in a large diffuse cluster (K=35 921, P corr <.05) extending over most of the WM skeleton, indicating decreases over time in the body and the splenium of the corpus callosum, internal and external capsule (including thalamic radiation), inferior and superior longitudinal fasciculi, inferior fronto-occipital fasciculi, corona radiata, parts of the cortical spinal tract and the right uncinate fasciculus (Figure 1) .
FA changes over time in high-risk group
Like the controls, an increase in FA over time in the high-risk group was not detected. An FA decrease surviving the permutation test was observed in a larger cluster (K=57 451, P corr <.05), comprising the same T A B L E 2 Demographic measures comparing controls with high-risk subjects split into high-risk individuals who remained well (high-risk well) and high-risk individuals who developed a major depressive disorder (high-risk MDD) at the first follow-up regions as in the controls,. However, there were further WM areas with FA loss for high-risk subjects, including the left uncinate fasciculum, the genu of the corpus callosum, the anterior portion of the thalamic radiation, the corona radiata, the cingulum, and the inferior fronto-occipital fasciculus (Figure 1 ).
Group × time interactions
Despite the different patterns of FA loss found separately in the control and high-risk groups, there were no significant differences surviving the permutation test when FA changes between groups were directly compared.
| Controls, high-risk well individuals, and highrisk MDD individuals
FA changes over time in high-risk MDD and high-risk well individuals
There was a significant widespread decrease in FA over the 2-year time course in both high-risk groups. Hovewer, high-risk well 
Group (control/high-risk well/high-risk MDD) × time interactions
There were no significant differences surviving the permutation test in any comparison of FA between groups over time.
| Correlation with age
Results of the TBSS correlation with age showed a negative correlation between FA and age surviving the permutation tests in the right inferior longitudinal and fronto-occipital fasciculi, and anterior thalamic radiation in the control group (Figure 3 ).
| DISCUSSION
We investigated longitudinal WM changes in youth at high familial risk for mood disorders compared to unrelated controls. We further stratified the analysis by looking at two subgroups, the first composed of those high-risk subjects who met the criteria for MDD at 2-year follow-up, compared to the second group of subjects who remained healthy.
We found a significant decrease of FA over 2 years in all three groups, albeit diffuse over the whole brain. No significant increase in FA over time was detected, except for a small cluster including posterior connections in the high-risk well group.
| Lifetime trajectory of FA
A diffuse increase in FA from newborn to adolescence and a rapid widespread decrease from old age onwards is a consistent finding in studies tracking WM changes across the lifespan. However, WM changes during adulthood are not as well defined. Indeed, studies on WM variations in young and mid-adults have reported conflicting results. 25 An explanation for this discrepancy could be that the peak of FA for different WM areas may be reached at varying ages during adulthood. Indeed, there is evidence for myelination occurring into fronto-temporal cortical areas well into late adulthood, 26 which will inevitably impact FA. More specifically, FA of the corpus callosum and long association fibres such as the inferior longitudinal and inferior fronto-occipital fasciculus peak in the early to mid-20s, while it has been shown that projection fibres such as those in the anterior limb of the internal capsule as well as corticospinal tracts peak in the early to mid-30s. Of note, the long association tracts connected with the limbic system have differing developmental trajectories; the fornix and cingulum bundles reach their FA peak before 20 and after 40 years of age, respectively. 27 Overall, it can be said that the details of the WM maturation process for different brain structures as well as within each structure over time are still not entirely understood. This is further Given this background, we can assess our results in controls, where we found a negative correlation between age and FA values in these subjects, who were aged between 16 and 28 years, and therefore late adolescents to young adults. After permutation testing, clusters of voxels were still significant in the WM fibres of the right medial temporal lobe for the control group. This result suggests that the decrease in FA over time found in controls could be partially explained by maturation processes related to normal development of these early-adult individuals.
| FA trajectory in high-risk population
In this study, we found FA reductions in adolescents and young adults with and without familial risk for mood disorders over a time course of 2 years, and, in contrast to our initial hypothesis, we did not find significant differences in the amount of FA decrease between the groups surviving the permutation test.
We expected a significant reduction of FA with development in highrisk subjects compared with controls, in particular in the corpus callosum and in front-limbic connections, but we did not find differences.
However, we need to consider that the only previous study that analysed FA changes related to age in high-risk subjects for BD was a cross-sectional study that considered the youngest high-risk individuals.
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Other studies that have detected a loss in WM integrity in highrisk individuals when compared with controls were also cross-sectional studies.
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To the best of our knowledge, the present study is the first longitudinal analysis of WM integrity changes over time in adolescents and young adults with high familial risk of mood disorders.
Therefore, our results suggest that WM abnormalities found previously between high-risk individuals and controls 9 belonging to the same cohort acquired using identical scans and parameters, and studied with a common standard procedure, are stable by the late teens/early 20s. there was a linear decrease in FA with age in the left corpus callosum, whereas healthy controls showed a linear increase in the same regions.
WM alterations were therefore already present in children and in adolescents with a familial risk for BD.
In the current study, we did not detect differences in FA changes comparing both high-risk young adults who developed and who did not develop MDD with controls, although reduced FA was detected in the same cohort of high-risk subjects when compared with controls at baseline.
Together, these findings could suggest that differences between cases and controls probably do not emerge proximal to the onset of illness but may have existed from birth or emerged earlier in childhood and adolescence. Longitudinal studies in children and early adolescents with a familial risk for BD are needed to determine whether a loss of WM integrity occurs during childhood and adolescence and may precede the onset of BD or other psychiatric disorders in youth at risk for BD.
Despite not finding significant differences surviving the permu- 
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Taken together, these reports indicate that intra-and inter-hemispheric frontotemporal WM abnormalities are already present in childhood, continue in adolescence and remain throughout adulthood, and therefore could represent some of the earliest markers of the disorder.
In the current study, the sample size of the groups may have been too modest to enable detection of what could be biologically meaningful small effects. Further samples are therefore needed to understand if a loss of WM integrity is present during development in familial highrisk subjects for mood disorders when compared to individuals without a family history of psychiatric disorders.
| Conclusions and future perspectives
In conclusion, we found progressive reductions in FA in our sample of adolescents and young adults with and without a familial risk for mood disorders.
In contrast with our expectations, we did not find significantly different changes between the groups.
We can explain these negative findings considering the following points. Moreover, a standard longitudinal TBSS method has been recently developed and tested. 51 Therefore, future studies will be improved through an increased test−retest reliability.
In summary, research on WM in BD supports an important role for frontotemporal WM. Neurodevelopmental abnormalities that affect trajectories of WM development during childhood and adolescence could be implicated before the onset of mood disorder symptoms in subjects with familial risk. Longitudinal studies of high-risk children and adolescents and increased sample sizes might clarify these abnormalities in brain changes to target individuals for early identification, intervention and prevention strategies.
ACKNOWLEDGEMENTS
We would like to thank all of the participants in the study and the ra- 
